In view of past results [1] [2] [3] [4] , laser-wakefield acceleration appears as a compact alternative to conventional accelerators. Yet, a key requirement for laser-wakefield accelerators and their applications [5] is to improve the stability and quality (total charge, energy dispersion, and emittance) of the beam. This is particularly true for the prospective use of laser-wakefield electrons in freeelectron lasers [6] , which simultaneously requires a high amount of charge, a low energy spread, and a low emittance [7] . These properties depend to a large extent on how electrons are injected into the accelerating bubble. However, no known injection technique can provide high charge, low energy dispersion, low emittance, and high stability at the same time.
For instance, transverse self-injection-in which the nonlinear propagation of the laser pulse is responsible for the injection of off-axis electrons-leads to large injected charges (100-200 pC) [8, 9] but with a large energy spread and strong shot-to-shot fluctuations. Alternatively, longitudinal self-injection [10] produces stable beams but with low charges ($ 5 pC). It was also recently reported [11] that self-injection can produce very low emittances (0:1 mm Á mrad), yet again with very low charge (0.4 pC). This tradeoff between high charge and low emittance and energy spread also applies to controlled injection techniques, such as density-gradient injection [12, 13] , ionizationinduced injection [14] , Trojan horse injection [15, 16] , or optical injection [17] [18] [19] [20] . In optical injection, for example, the electrons are injected during the collision of the driving laser pulse with a counterpropagating pulse, making it a remarkably stable scheme and producing very low energy dispersions. Yet, in the regime of parameters that were probed up to now, the produced beams were characterized by a low amount of charge (a few tens of pC) [20, 21] and a relatively large emittance ($ 0:5 mm Á mrad) [21] . These limitations can, however, be overcome, and in this Letter, we report on a new regime of optical injection which meets both the requirements of low emittance (0:17 mm Á mrad) and relatively high charge ($ 50-100 pC), while retaining the low energy dispersion (2%) associated with collidingpulse schemes.
This particular regime is also characterized by a radically different mechanism of injection. In previous regimes of colliding-pulse schemes (both warm injection [22] [23] [24] and cold injection [25] [26] [27] ), the dynamics of injection is essentially longitudinal; i.e., only the longitudinal momentum and position of the electrons determine its injection. If, thanks to the collision, an electron can cross the separatrix associated with the wakefield, then it is trapped, but its transverse behavior has no direct influence on the injection process. Moreover, in these regimes, the pulse collision strongly affects that small fraction of electrons which is then injected, but the background electrons (those forming the bubble and its sheath) are usually much less affectedand if they are, this tends to degrade injection rather than improve it [28] .
On the contrary, we show here that in the abovementioned new regime, the bubble as a whole is strongly affected and that this deformation is essential for injection. As shown below, the pulse collision reduces the efficiency of the transverse ponderomotive force. As a result, the whole bubble becomes smaller. Once the pulse collision is over, the ponderomotive force retrieves its initial efficiency and the bubble recovers its original shape; i.e., it expands back. The expansion of the bubble then triggers transverse injection. This injection is thus similar to the one described in evolving-bubble theories [29] [30] [31] [32] , which demonstrated that an expanding bubble indeed tends to
week ending 23 AUGUST 2013 0031-9007=13=111(8)=085005 (5) 085005-1 Ó 2013 American Physical Society trigger transverse injection. In fact, previous work already proposed to control transverse injection by controlling the expansion of the bubble, e.g., using a density down-ramp [12] or an external magnetic field [33, 34] . Yet, this Letter shows that a pulse collision can also be used to trigger a transient and fast deformation of the bubble, and thus to control transverse injection. (We will refer to this mechanism as optical transverse injection in the rest of this Letter.) In order to illustrate optical transverse injection, we ran particle-in-cell simulations using the quasicylindrical code CALDER CIRC [35] . Importantly, we use here a modified Maxwell solver (i.e., distinct from the standard Yee scheme), so as to avoid spurious growth of emittance caused by numerical artifacts [36] . In the situation we consider, the driving laser pulse ( 0 ¼ 0:8 m) is focused to a waist w 0 ¼ 7:8 m into a plasma of density n ¼ 10 À3 n c ¼ 1:75 Â 10 18 cm À3 . Its FWHM duration is 0 ¼ 30 fs and its total energy is 1.0 J, corresponding to a 0 ¼ 4 at its peak, and consequently leading to the formation of a clear-cut plasma bubble in its wake. Close to its focal plane, this pulse collides with a counterpropagating pulse having similar properties (
Here, both pulses are circularly polarized-with opposite senses of rotation, so that a standing beat wave is created when they collide. (Similar results were observed for parallel linear polarizations, which also produce a standing beat wave.)
Four consecutive snapshots of this simulation are shown in Fig. 1 , along with a plot of the transverse and longitudinal size of the bubble versus time. The bubble distinctively shrinks and reexpands, first radially (between t ¼ 40 fs and t ¼ 80 fs) and then longitudinally (between t ¼ 100 fs and t ¼ 150 fs). This traveling deformation is caused by the same group of electrons that were inside the laser pulse at t ¼ 0 (thus feeling the pulse collision, and therefore a weaker ponderomotive force, as explained later) and then travel along the sheath towards the back of the bubble. At t ¼ 150 fs, the bubble expands longitudinally, and that lowers the threshold for injection. Consistently, although some injected electrons can be already observed at t ¼ 99 fs, the majority of the injection occurs at t ¼ 150 fs. A close inspection of the trajectories of the corresponding particles reveals that this second injection at t ¼ 150 fs is transverse, i.e., that the injected electrons originate from the off-axis position and travel around the bubble before being injected, which is in accordance with evolving-bubble models [29] [30] [31] [32] .
As mentioned above, the observed shrinkage of the bubble is due to the reduced efficiency of the ponderomotive force during the collision. This reduced efficiency can be explained through the equations of motion of the electrons in the laser pulse [decomposed here over the radial (r) and longitudinal (z) directions]:
whereã is the sum of the vector potentials of both pulses characterized by the same wave number k 0 and duration 0 : PRL 4) can be neglected. Therefore, in this region, the ponderomotive force only depends on r and ¼ t À z=c, and as a result, À p z ¼ 1 is a constant of the motion [37] . This, in turn, implies that d=dt ¼ 1= and Eq. (2) can be written in the form dp
Conversely, during the collision ( À 0 0 < t < 0 0 and Àc 0 0 < z < c 0 0 ), the colliding pulse cannot be neglected anymore, and in fact the longitudinal ponderomotive force @ã 2 =@z is dominated by the third term of Eq. (4). [The contribution of the third term to @ã 2 =@z is of order k 0 a 0 a 1 , whereas that of the first term is of order 2a
This longitudinal ponderomotive force corresponds to that of the standing beat wave and holds the electrons in the minima of the interference pattern. Therefore, dz=dt ' 0 and d=dt ' 1. On the other hand, the radial ponderomotive force @ã 2 =@r is still dominated by the first term of Eq. (4) as long as a 1 ( a 0 , and Eq. (2) can be written as dp r d ¼ 1 2r
Equations (5) (which applies before and after the pulse collision) and (6) (which applies during the collision) have to be integrated from the moment when an electron enters the pulse ( < À 0 0 ) to the moment when this electron exits the pulse ( > 0 0 ). Because of the factors in Eq. (6), the electron will exit the pulse with a relatively lower transverse momentum p r and a lower radius r. This thus demonstrates that the pulse collision makes the transverse ponderomotive force less effective, as observed in Fig. 1 .
Let us now turn to the properties of the bunches that are generated by optical transverse injection. Figure 2 displays the spectrum of the electrons obtained in the simulation considered here. Two types of electrons can be seen: a well-defined peak at 27 MeV, located at z À ct ¼ À25 m and corresponding to the transverse injection at t ¼ 150 fs from Fig. 1 , and a long tail between 16 and 26 MeV, located around z À ct ¼ À23 m and corresponding to the injection at t ¼ 99 fs. Importantly, the total charge contained in the peak is 50 pC while that in the tail is 13 pC, meaning that transverse injection largely dominates in these conditions.
The electrons obtained by optical transverse injection presents high-quality features: the rms duration of the bunch is as short as 3 fs (and is a consequence of the short duration of the collision) and its absolute rms energy spread is 0.46 MeV (1.7% relative energy spread at 27 MeV). Yet, the most remarkable feature of this injection, and its main advantage over other optical injection methods, is its very low normalized transverse emittance. (See the Supplemental Material [38] for a representation of the transverse phase space of the bunch.) For the electrons in the monoenergetic peak, we obtained x % y % 0:17 mm Á mrad. By comparison, the emittance of the electrons in the tail is 1:9 mm Á mrad. We suggest that the very low emittance obtained here is due to the fact that the electrons are injected at the very back of the bubble. If inj is the longitudinal position of injection with respect to the back of the bubble, the transverse radius of the bubble at this position r b ð inj Þ can be very narrow for small inj (see Fig. 3 ). This limits the maximal radius of the betatron motion for the injected electrons (see the Supplemental Material [39] for more details) and thus imposes a cap on the emittance of the electrons. A rough estimate of this cap can be found by assuming that in the 4D transverse phase space, the electrons are uniformly distributed in a 4D ellipse of equation
is the betatron wave vector. This leads to a maximal emittance ?;max ¼ inj k r b ð inj Þ 2 =6. This rough estimate can be used to explain why the emittance of the electrons in the peak [ inj % 1 m, r b ð inj Þ % 2 m] is much lower than that of the electrons in the tail
According to our analysis, the existence of optical transverse injection requires the deformation of the whole bubble. Thus, the main parameters that control transverse injection are the parameters of the colliding pulse a 1 and w 1 . In particular, w 1 controls the transition between a regime dominated by transverse injection and a regime of cold injection. This is because, as suggested by Eq. (4), the collision only affects the electrons with r & w 1 . For w 1 ( w 0 (as is the case in Ref. [27] ), the off-axis electrons that will form the sheath of the bubble are not affected. As a result, the bubble does not deform and no transverse Provided that a 1 and w 1 are sufficiently large (w 1 $ w 0 , a 1 * 0:1) for transverse injection to occur, the parameters n, w 0 , and a 0 were observed to mainly control the resulting bunch quality. In fact, as long as the parameters correspond to the bubble regime (k p w 0 $ ffiffiffiffiffi a 0 p [40] ), there is a wide range for n, w 0 , and a 0 in which transverse injection occurs. However, simulations revealed that having a 0 ) 4 and k p w 0 ) 2 produced bunches with relatively high emittance and a large energy spread. We interpret this by the fact that a higher a 0 or w 0 leads to a higher value for r b ð inj Þ (as shown in Fig. 3 ) and thus relaxes the cap on the emittance. Conversely, the set of parameters k p w 0 ¼ 2 and a 0 ¼ 4 leads to high-quality bunches over a wide range of density. (Simulations were run over the range 1:75 Â 10 18 À 2 Â 10 17 cm À3 .) Notice that the condition k p w 0 ¼ 2 entails the use of a tightly focused laser and a low plasma density. This, in turn, implies that the laser will quickly diffract, thereby preventing long acceleration distances and limiting the maximal energy of the electrons to a few tens of MeV if no external guiding of the laser is used.
We remark that, experimentally, this regime of parameters has not yet been probed. (Previous colliding-pulse experiments used higher density and a wider waist for the driving pulse.) We emphasize, however, that the required pulse energy at 1:75 Â 10 18 cm À3 (1.0 J) is available at a number of existing laser facilities. Going towards even lower density tends to produce more charge ('100 pC) but requires higher laser energy, since satisfying k p w 0 ¼ 2 then requires a larger waist. Notice that nowadays there is precisely a global trend towards lower plasma density and higher laser energy, and therefore future experiments will naturally meet the conditions required for high-quality optical transverse injection. Our simulations show that in future colliding-pulse experiments performed in the aforementioned regime of parameters, optical transverse injection will be the prevailing injection mechanism in terms of charge (provided that w 1 ! w 0 , which is very likely).
In conclusion, a new paradigm of colliding-pulse injection, which cannot be described by using the 1D separatrix, was presented. In this paradigm, the colliding pulse causes the bubble to shrink and reexpand, which then triggers transverse injection. This injection produces bunches with high charge, short duration, low energy dispersion, and low emittance at the same time. Meeting all these requirements simultaneously is very challenging with other methods of injection. While the energy of the electrons produced may seem low compared to the typical values for laser-wakefield acceleration ($1 GeV), we emphasize that the production of high-quality electron beams at intermediate energies is of interest for a broad range of applications. Such electrons have, for instance, been proposed for the injector of a multistage accelerator [41] , as well as for innovative all-optical free-electronlaser schemes [42] [43] [44] , in which their high quality and relatively low energy are decisive for reaching high gains.
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